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Experimental setup.

Time-resolved solution-state photo-CIDNP *H NMR experimental setup.

Time-resolved solution-state photo-CIDNP *H NMR experiments were carried out in a Bruker (Avance
I11 HD) 400 MHz NMR spectrometer using a probe modified to illuminate the sample from side
(Supplementary Fig. S1a). The pulse sequence for time-resolved photo-CIDNP experiments is shown
in Supplementary Fig. S1b: bubbling with N, — presaturation (Waltz16)%? — laser pulse — evolution
time — detection pulse — acquisition. The Boltzmann polarizations in the spectrum are suppressed by
the presaturation pulses. Therefore, the signals of the polarized products formed due to laser irradiation
appear only in the photo-CIDNP spectra.
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Supplementary Fig. S1: Experimental setup and pulse sequence for time-resolved liquid-state photo-
CIDNP H NMR. (a) Experimental setup and (b) pulse-sequence. The pulse-sequence consists of initial bubbling,
presaturation pulses, laser pulse, delay (t) and finally detection (11/2) pulse.

Flash-laser setup.

A Quantel Brilliant b Nd:YAG laser with a wavelength of 355 nm and a repetition rate of 10 Hz is used
for initiating the photoreactions which lead to the photo-CIDNP formation. The laser flashes were
generated with a pulse length of 6—8 ns and an energy of 80 mJ at the laser output. The pump lamp of
the laser was triggered by the triggering impulse from the NMR spectrometer.

Bubbling setup.
At the beginning of each scan the solution was bubbled (pressure ~ 0.3 bar) with nitrogen gas for 3 s
followed by a delay time of 5 s to get the solution into a stable condition. In case of time-resolved photo-
CIDNP, the sample was bubbled before the pulses for presaturation and in case of field-dependence
measurements the bubbling was done in step-1 (Supplementary Fig. S2b). The bubbling was controlled
by the spectrometer using a TTL circuit.

Magnetic field dependence of solution-state *H photo-CIDNP.

All experiments were carried out at an MSL-300 MHz Bruker NMR spectrometer (Supplementary Fig.
S2a) with the detection field of = 7 T.3# Field cycling is performed by shuttling the NMR probe (home-
made) with the sample between positions in space with different magnetic fields. Fields above 0.1 T
are controlled by positioning of the sample in the fringe field of the spectrometer cryo-magnet, while
fields below 0.1 T are obtained by changing in addition the current in an auxiliary electromagnet. The
external field at each position of the probe is known and controlled with accuracy better than 0.05 mT.
A step motor is used to shuttle the sample from the detection field to the variable field in the



Capillary tube
B fin
Optical fibre =
D ) z
o ; B
i @ Yol
NMR Console q i Detg9t|on 2
| g position L
' — Probehead = Laser|
|
| Compensation
1 coil B=0
Step-motor |
1 >Helmholtz e N 2
coil Sl H ! E
p= Y o1, FID
N e =~
s | 15 AR
o 1=1 | Liaas
5 = e
I Bel = oy 5 r o
t
LASER EBSES 3 -4 © - b7 & b7
PS.

Time

Supplementary Fig. S2. Experimental setup and pulse scheme to measure the magnetic field dependence
of 'H solution-state photo-CIDNP with field-cycling: (a) experimental setup and (b) The pulse-scheme of the
light-induced CIDNP experiment with field cycling comprises of three consecutive steps: Step 1: the sample was
kept at low fields (< 1 mT) for a time period of five times the Ti-relaxation time to remove thermal polarization, then
the sample was bubbled with nitrogen using the above-mentioned technique for 3 s followed by a delay time of 5
s; Step 2: the sample was irradiated with 20 laser pulses (~ 2 s) in the polarizing magnetic field Bp. Then the probe
along with the sample was shuttled to the NMR detection field Bo; Step 3: the application of an RF (11/2) pulse and
acquisition at the detection field of Bo.

range from 0.1 mT to 7 T during a time period of less than 0.3 s; the time profile of field variation is
precisely mapped. A Quantel Brilliant b Nd:YAG laser with a wavelength of 355 nm with a repetition
rate of 10 Hz is used as light source.

A scheme presenting the field-cycling photo-CIDNP experiment, comprising of three consecutive steps,
is shown in Supplementary Fig. S2b. In the first step, the sample was kept at low fields (< 1 mT) during
five times the T;-relaxation time to remove thermal polarization. Then the sample was bubbled with
nitrogen using the above-mentioned technique for 3 s followed by a delay time of 5 s. After that, the
sample was irradiated with 20 laser pulses in the polarizing magnetic field B,. Then the entire probe
along with the sample was shuttled to the NMR detection field Bo. The final step is the application of
an RF (n/2) pulse and acquisition.



More data on time-resolved *H photo-CIDNP of F10T.

!H photo-CIDNP depletion curves.

To prevent the photo-degradation of the flavin residue,® 0.09 mM H,0. was added to the solution of
F10T and corresponding depletion curves for different protons of the flavin residue have been presented
in Supplementary Fig. S3. Depletion curve is the variation of the intensity (polarization) with number
of laser pulses. The depletion curves show that the addition of H.O (with given molar concentrations)
has prevented the photo-bleaching of flavin residue in F10T.
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Supplementary Fig. S3. Depletion curves: Normalized intensities are plotted against the number of laser pulses
for selected *H resonances from F10T (0.1mM in methanol—d4) with the addition of 0.09 mM H20x.

'H Photo-CIDNP Kinetics.

No kinetic evolution on ps timescale (Supplementary Fig. S4) is observed for any proton from both
flavin and Trp moieties. For *H photo-CIDNP on biradicals, usually kinetics on ns time-scale is
observed.® Recording such fast kinetics is beyond the time-resolution of the present photo-CIDNP
experimental setup. However, an attempt was made to record the kinetics and the results have been
presented in Supplementary Fig. S4.

—a—Hg'
—e—H2,6
150 /
1 V‘V\' V—y—V. v —h— Hﬁ‘
104y \/ Vg —y———"  —v—HBA

0.8

| .-
06 7 $~n/ .‘.\./'\./ iz

0.4 4

—_—
.\.

0.2
0.0
-0.2 -_._.,l\-\./._._._ ‘l—/__‘.
-0.4 -

Normalized intensity

-0.6 — A
A—A= /
08+ ‘A—A_A—A/\ A\A—- —h

T T 7 F T T T T
0 2 6 8 10
Delay (7) in ps

Supplementary Fig. S4. Kinetics: Normalized intensities plotted as a function of the delay-time between the laser
pulse and the RF detection pulse for selected H resonances from F10T (0.1mM in methanol—da4) with the addition
of 0.09 mM H20x.



Concentration dependence of *H photo-CIDNP.

Upon variation of the concentration of F10T in the solution, no changes have been observed in the
photo-CIDNP *H NMR spectra (Supplementary Fig. S5). In case of free FMN and Trp in solution, an
increase in the intensity of CIDNP signal is expected with increasing the concentration. Hence the
photo-CIDNP data demonstrate that the electron transfer in F10T occurs intra-molecularly and
therefore, is independent of the concentration.
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Supplementary Fig. S5. Concentration-dependence of 'H photo-CIDNP for F10T: 'H photo-CIDNP NMR
spectra of obtained using different concentrations of F10T: (a) 0.1 mM, (b) 0.2 mM, (c) 0.3 mM (in methanol—d4)
with the addition of 0.09 mM H20:. All the spectra have been recorded in a magnetic field of = 9.4 Tesla immediately
after laser flash.



Photo-chemistry of Flavin-Tryptophan system.

'H photo-CIDNP on flavin mononucleotide (FMN)—Trp systems (added separately in solution).
'H NMR and photo-CIDNP spectra, obtained under continuous illumination using white light from
Xenon LAMP for FMN (0.1 mM) — Trp (2 mM) in DO have been shown in Supplementary Fig. S6.
Absorptive polarization has been observed for H2, H4, H6 of Trp, while the B—CH_: protons of Trp are
emissively polarized. For this system, a photo-induced electron transfer from Trp to photo-excited
TFMN forms the tryptophanyl radical cation and flavosemiquinone radical anion:

Trp + TFMN —T[Trp*" + FMN*~]

H4  Home

L-Tryptophan

[ T A
85 8.0 75 7.0 6.5 6.055 4.035 3.0

'H chemical shift (ppm) FMN (Riboflavin 5'-monophosphate sodium salt)

Supplementary Fig. S6. 'H liquid state photo-CIDNP of solution containing FMN (Riboflavin 5'-
monophosphate sodium salt) and L-tryptophane in D20: (a) dark, (b) light and (c) difference spectra. All the
spectra were obtained at DRX-400 MHz NMR magnet and at a temperature of 293K.

Photo-chemistry of flavin.

Flavins are based on the yellow tricyclic isoalloxazine core. They are found widely in nature and the
proteins containing flavin are commonly termed as flavoproteins. The three common redox states are
the (oxidized) flavin itself (F), the flavosemiquinone radical (FH®) and the flavohydroquinone (FH>)
and their deprotonated forms. Flavins absorb visible light with maximum around 450 nm and 355 nm.
Excited triplet flavins can undergo triplet-triplet quenching, quenching by ground state flavins (both
inter- and intramolecularly) and quenching by oxygen.



The photochemistry and related reaction scheme for FMN and amino acids such as Trp, Tyr or His
(histidine) added separately in solution have been studied widely in last few decades. The observed
spin-dynamics is generally explained by the classical radical pair mechanism (RPM)’8 in which
nuclear-spin interactions control the electron-spin dynamics and therefore the chemical fate of the
product formation (Supplementary Fig. S7). Upon illumination, FMN is excited to a molecular triplet
state "TFMN* and accepts an electron from the amino acid Trp to yield a geminate radical-pair [FMN®~
+ Trp®*] in a pure spin-correlated triplet state. [TFMN®*~+ Trp**] forms singlet SCRP S[FMN*~+ Trp*']
via interconversion. S[FMN®~ + Trp®**] recombines very fast to the ground state via geminate
recombination. The triplet SCRP T[FMN*®~+ Trp**] recombines back to the ground state in a longer
timescale via an intermediate state of spin-uncorrelated free radicals. The frequency of the coherent
interconversion of triplet and singlet SCRPs depend on the nuclear spin configurations of the two
radicals which are mediated by the electron-nuclear hyperfine interactions.
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Supplementary Fig. S7. Photochemical reaction scheme of FMN and Trp (added separately in the solution)
on the basis of the radical pair mechanism (RPM).

The sign rule of photo-CIDNP.

These observed sign of polarization at high magnetic field in liquid-state photo-CIDNP spectrum can
be summarized using the multiplicative sign rule by Kaptein® in which the polarization of nucleus n is
given by the product of four signs as equation (1)

li=p-e-Ag-aq 1)

where a; is the sign of the hyperfine coupling constant of the i nucleus, Ag is the sign of the g-value
difference g,, — g, where radical m carries nucleus i. p is positive for triplet precursor and negative
for singlet precursor, while ¢ is positive for recombination products and negative for escape products.
The sign of I; determines the sign of the polarization for nucleus i whether would be absorptive
(positive) or emissive (negative).



Simulation for the theoretical model of MFE on biradical in F10T.

Theory.

To fit the experimentally obtained magnetic field dependence curve for *H photo-CIDNP, we have used
the theoretical model proposed by de Kanter'®. In this theory, the spin dynamics of biradical has been
described using the density matrix p(t), which evolves in time according to equation (2)

dp(t)

Py —iH*p(t) + Wp(t) + Kp(t) + Rp(t) @)

where p(t) is a function of the spin state variables of the biradical and the reaction product and of the
distance between the radical centres r. Liouville operator H* is related with the spin Hamiltonian (in
angular frequency units) as

H*p(t) = Hp(t) — p(OH 3)

Matrix R is the Redfield relaxation matrix and W describes the molecular motion. The chemical
reactions are expressed in terms of K. The biradical is formed at time t = 0 in a certain spin state (S or
T) and at a particular distance.

The spin Hamiltonian of the system can be written as

H=H+H ()
where
H® =2 (g, + g2)BR " Bo(Siz + 522) + SAL(S1 + 82) = J(1)G + 251.53) ©
H = %(91 — 92)Bh By (S, — S2,) + %AI- (§1—52) ©)

g1 and g, are the g-factors of the two radical sites of the biradical. g is the Bohr magneton and B, is
the magnetic field strength. A is the hyperfine interaction with the nucleus at site 1. The exchange
interaction J(r) is expressed as a decaying exponential function of the distance between two radical
centers r and with a adjustable parameter a

J(r) = Joexp(—ar) ()

Using the direct product of the electron spin functions, .S, 7., 7,and 7., and the nuclear spinfunctions a
and B as basis, H? is the diagonal and H' is the off-diagonal part of H. Off-diagonal matrix elements
in L occur only within two 9 X 9 blocks corresponding to the basis functions S, Toe, T4p and
Sg, Top, T—¢ respectively.

For electron spin relaxation two relaxation mechanisms are considered:

(1) Interactions which are uncorrelated at the two radical sites. These are represented by fluctuating
local magnetic fields. They induce singlet-triplet transitions as well as transitions between the triplet
levels.

(2) Correlated interactions which induce transitions between the triplet levels only. The most important
contribution is given by fluctuations of the electronic dipole-dipole interaction.



The complex relaxation matrix R can be written as
R=R,+Ry (8)

Where R,, is the relaxation contribution due to uncorrelated fluctuating local magnetic fields and R is
the dipole-dipole relaxation term.

For the dynamical behavior of the biradicals the restricted diffusion (RD) model has been taken into
account. At first the equilibrium distribution C(r) of the end-to-end distance is calculated using a Monte
Carlo simulation. The short-range interaction energy of the C and H atoms of CH; groups separated by
four or less bonds are described by the Buckingham potential. For the long-range interaction energy,
which is described by a Lennard-Jones potential, the identities of the individual atoms in the CH> groups
are ignored.

The normalized distribution C(r) is divided into m segments with equal areas (equal probabilities):
[fcrydr =1/m 9)

where fi dr denotes the integral over r between the minimum and the maximum values of r in the i
segment. The average distance in segment i is

T = mfi rC(r)dr (10)

The motion is described by diffusional jumps between the different 7;'s. Only transitions between
neighboring segments are included. By the analogy with classical Brownian motion the transition rates
of the jumps are taken as

—_— Dr
kL™ -T2

for k=1+1 (11

where D' can be considered as the effective diffusion coefficient for the restricted diffusion.

The chemical reactions of the biradical are represented by the term Kp(t) in equation (2) and can be
written as

K =K +KS* (12)

Where K¢ describes the intramolecular coupling or disproportionation reaction and K the scavenging
reactions. The intramolecular reactions are only possible from the singlet state of the biradical provided
it has the conformation with the smallest end-to-end distance (rq). The intramolecular reaction of the
biradical is described by

Kp(6) = 21057 4p(8) + p()05™] (13)

with k, the reaction rate constant and 05" the projection operator |S,r; >< 14,S| selecting singlet
electronic states of the biradical for r = rq. Equation (12) is preferred to the alternative form proposed™!
for reasons of consistency®?.

The scavenging reaction is independent of r and of the electronic state of the biradical. The decay of
the biradical density matrix elements is given by

K2p(t) = ks p(t) (14)

9



where ks is the scavenging rate constant.

The nuclear spin polarization of the product is given by

P = lirg)[paap(t) — Pgpp (] (15)

t—

The solution of the equation of motion (eq. 1) is obtained via the Laplace transformation which yields
[sU+iH*—R—-W —K]p(s) = p° (16)

with
p(s) = J; exp(—st) p(D)dt (17)

where p° specifies the initial condition and U is the identity matrix. For m conformations (or segments
in the RD model) of the biradical, one conformation for the product, and eight spin functions p(s) is a
column vector with [8(m + 1)]? elements. Noting that (i) the product occurs only in the Sstate, (ii)
cross terms between different conformations are zero and (iii) of the biradical spin functions 20 elements
are important, the relevant elements of p(s) are gathered ina (20xm + 2) column vector. The problem
can be reduced using the Hermitian property of p. By defining a vector o:

Okk = Pkk
ori=(Pr1+Pik)/2 } fork <1 (18)
Or1=i(Pr1—Pu)/2

Equation (14) is reduced to a real form
[sU+il* —R—W —K]o(s) = o° (19)

where L* is obtained by the corresponding rewriting of H*. The other matrices remain the same. The
starting conditions for o° are determined by the spin state of the precursor and by the condition that the
biradical is formed in the conformation or segment with the smallest value of . Assuming no initial
electron spin polarization the non-zero elements are for a triplet precursor

Ukkdo =1 fOT' k= 2, 3, 5,6, 7,8 (20)
and for a singlet precursor
O-kkdo =1 fOT' k= 1,4 (21)
The polarization of the product is now given by
P = 151_1;%5[0-(1((19(5) - Uﬁﬁp(s)] (22)

Equation (19) must be solved for gradually smaller values of s until the solution converges. The
calculation was performed using a home-written code in FORTRAN.

10



Simulation parameters.

Supplementary Table S1. Isotropic hyperfine coupling constants (HFCs)* of selected nuclei of

tryptophanyl radical cation (TrpH®").

Nuclei HFC (Gauss)
Ho —0.93072
HB1 16.04575
HB2 0.45698
H2 -2.78016
NH1 -4.13008
H4 —4.88005
H7 -3.63695
H6 —-2.08282
H5 -0.40011

Supplementary Table S2. g-values* for the two radical centres used in the simulation.

Radical-centre g-value
Fe- 2.0034
TrpH** 2.0027
*A. S. Kiryutin et al.20075
Supplementary Table S3. Other simulation parameters.
Parameter Value
Bo steps 2
Number of steps on field 10000
Number of slices of end- 200
to-end distribution
g 8 x 106 s?
T 8.0x 10%%s
T 1.0x 10%2s
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